The synthesis and characterization of a homologous series of five-coordinate rhodium(III) and iridium(III) complexes of PNP (2,6-(tBu 2 PCH 2 ) 2 C 5 H 3 N) and PONOP (2,6-(tBu 2 PO) 2 C 5 H 3 N) pincer ligands are described: [M(PNP)(biph)][BAr ) and, in the case of the flexible PNP complexes, undergoing interconversion between helical and puckered pincer ligand conformations (ΔG ⧧ ca. 10 kJ mol −1 ). Remarkably, the latter is sufficiently facile that it persists in the solid state, leading to temperature-dependent disorder in the associated X-ray crystal structures. Reaction of 1 and 2 with CO occurs for the iridium congeners 1b and 2b, leading to the formation of sterically congested carbonyl derivatives.
■ INTRODUCTION
Pincers are a prominent ligand class in organometallic chemistry and catalysis, conferring thermal stability while permitting a wide range of metal-based reactivity.
1 As prospective intermediates in stoichiometric and catalytic reactions, the structure and reactivity of five-coordinate rhodium(III) and iridium(III) derivatives are of fundamental mechanistic interest, although the inherent high reactivity of these species can preclude isolation. 2, 3 Coupled with these difficulties, the capacity of coordinatively unsaturated pincer complexes for rapid structural dynamics can encumber accurate structural elucidation in solution and, correspondingly, mechanistic interpretation of any ensuing onward reactivity. In general terms, the associated dynamics can be deconvoluted into (a) pincer ligand-centered processes and (b) pseudorotation of the reactive ligands about the metal (Scheme 1). In the context of the former, atropisomerism of the characteristically C 2 twisted geometries of methylenebridged DED ligands is particularly noteworthy and has been studied in detail for late transition metal complexes of NHCbased CEC ligands. 4, 5 Catalytically important iridium(III) dihydride complexes of phosphine-based pincer ligands are prominent fluxional group 9 examples, exhibiting timeaveraged C 2v symmetry in solution, both for flexible PEP (i.e., (a) + (b) dynamics) and rigid POEOP (i.e., (b) dynamics) pincer ligands. 6, 7 As a platform to systematically study the dynamic properties of low-coordinate group 9 pincer complexes, we herein report on the synthesis, characterization, and reactivity of a new homologous series of five-coordinate rhodium(III) and iridium(III) 2,2′-biphenyl (biph) complexes of flexible PNP (2,6-(tBu 2 PCH 2 ) 2 C 5 H 3 N) and rigid PONOP (2,6-(tBu 2 PO) 2 C 5 H 3 N) pincer ligands: [M(PNP)(biph)][BAr As part of ongoing work in our laboratories exploring the organometallic chemistry of NHC-based pincers, 8 we have recently prepared CNC analogues A and B.
9 In these complexes, biph pseudorotation is inhibited by the macrocyclic CNC pincer ligand, but slow atropisomerism on the 1 H NMR (600 MHz) time scale was established using experiments that detect magnetization transfer. As further precedent, fivecoordinate iridium(III) 2,2′-biphenyl complexes of neutral PCP complexes (C, D) have previously been reported by Krogh-Jespersen, Goldman, and co-workers. 10, 11 ■ RESULTS AND DISCUSSION Exploiting precursors first described by Jones and Crabtree 12 and procedures developed in our laboratories, 9, 13 synthesis of the target PNP and PONOP derivatives 1 and 2 was achieved through reactions of [Rh(biph)(dtbpm)Cl] (dtbpm = bis(ditert-butylphosphino)methane) or [Ir(biph)(COD)Cl] 2 (COD = 1,5-cyclooctadiene) with the desired pincer ligand in CH 2 Cl 2 solution in the presence of Na[BAr 14 The resulting five-coordinate complexes were all isolated as microcrystalline materials of high purity in good to excellent yield (79−87%) and extensively characterized in solution and the solid state (vide infra). Employment of this procedure notably avoids the need for late-stage C−C bond activation of biphenylene or double C−H bond activation of biphenyl associated with the formation of C and D 10, 11 and moreover benefits from the use of common and more widely applicable Rh(III)(biph) and Ir(III)(biph) precursors.
Single crystalline samples of 1 and 2 suitable for interrogation by X-ray diffraction were obtained in all cases, with the homologous metal pairs 1a,b and 2a,b being isomorphous. The structures of 1b and 2b (determined at 150 K) are shown in Figure 1 , with key metrics for the complete set provided in Table 1 . The solid-state structures are notable for pseudosquare pyramidal metal geometries about the metal, with nearideal N20−M−C15 but distinctly obtuse P2−M1−P3 angles (1, ca. 164°; 2, ca. 160°). In each case, one of the tert-butyl substituents is canted toward the vacant coordination site and characterized by M1···H−C29 contacts of 3.001(3)−3.072(3) Å and reduced M1−P2−C28 angles of 104.11(9)− 107.05(10)°. These features mark out the formation of weak agostic interactions, 15 decreasing in the order 1b > 1a > 2b > 2a, although contrasting those observed for A and B (M···H− C contacts of 2.978(5)−3.000(3) Å), meaningful 3c−2e bonding was not substantiated by ATR IR spectroscopy. Consistent with these experimental observations, natural bond orbital (NBO) analysis of optimized geometries of 1 and 2 indicates the associated NBO perturbation energies are considerably less than those in A and B and of very low absolute magnitude (∑ΔE 2 /kJ mol 1a, 26.8; 1b, 42.3; 2a, 11.0; 2b, 22.0; cf. A, 79.3; B, 107.9 ; see the Supporting Information). 9, 16 On the basis of these data, the yawing of the phosphine donors is therefore best reconciled by steric buttressing between the biph ligand and the proximal tertbutyl substituents rather than a consequence of agostic bonding with the metal. Coordination of biph is associated with a disparity between the M1−C4 and M1−C15 bond lengths (ca. 3 pm) expected for the presence of an open coordination site trans to the former.
Close inspection of the solid-state structures of 1 determined at 150 K revealed the presence of minor disordered components that could be satisfactorily modeled as conformational isomers, where the pincer is coordinated in a puckered C s symmetric manner (conferring overall C s symmetry; 1-C s ) instead of the helical C 2 symmetry found for the major component (conferring overall C 1 symmetry; 1-C 1 ). Binding of this nature is not uncommon for platinum group metal PNP pincer complexes (22% frequency, CSD v5.40), with a number of prominent rhodium and iridium examples. 2, 17 Recognizing that this disorder could be the manifestation of structural dynamics in the solid state, 18 additional crystallographic data were collected across a wide temperature range (75−250 K), for both the rhodium and iridium congeners, and subsequently refined using a disorder model involving both helical and puckered pincer binding modes (Figure 2 ). From these data, it can be concluded that dynamic equilibration between these two pincer ligand conformations does indeed occur in the solid state: with the former conformation enthalpically favored and exclusively observed at 75 K (within the error of the experiment) but entropically disfavored over the latter, which commands a significant fraction of the model at 250 K (1a, 29%; 1b, 33%).
A van't Hoff analysis of the equilibrium temperature dependence enabled the associated thermodynamic parameters to be extracted: 1a, ΔH = +2.0 ± 0.1 kJ mol
No statistically significant differences can be inferred for the congeners, but the trend is for the isomerization to be less endergonic for 1b. This suggestion is supported by a DFT-based computational analysis at the ωB97X-D3 level of theory, 19 although the calculations are unable to reproduce the relative energetics of the isomers in silico: 1a, ΔG 298K = −0.7 kJ mol ), congruous with fluxionality in the solid state. Combined, the experimental and computational data suggest that C 2 and C s symmetric binding of PNP ligands is nearly isoenergetic and rapid interconversion between these 
2.3797(6) 2.3612 (7) 2.3384 (6) modes is implicit, to the extent that these processes can even occur in the confined environment of a crystal lattice at cryogenic temperatures! The solution-phase structure and dynamics of 1 and 2 were investigated in CD 2 Cl 2 solution using multinuclear and variable-temperature NMR spectroscopy (500 MHz, 185− 308 K). All complexes are markedly fluxional, with the dynamics notably manifested in 1 H NMR spectra measured at 298 K by line broadening of the biph, CH 2 (PNP), and tBu signals, with varying degrees of coalescence from overall C s to C 2v symmetry that we attribute to pseudorotation of the biph ligand on the NMR time scale. In the case of 1a, the fast exchange regime was reached upon heating to 308 K, resulting in a fully C 2v symmetric 1 H NMR spectrum, whereas cooling to 250 K resulted in a sharp C s symmetric 1 H NMR spectrum ( Figure 3 ). Although full signal coalescence could not be achieved within the physical limits of the solvent for 1b or 2, simulation of the associated variable-temperature 1 H NMR spectra using gNMR enabled the activation parameters associated with the pseudorotation to be determined for all four complexes (Table 2) . 20 These data substantiate more facile pseudorotation in 1a compared to the other pincer complexes, which are notable for very similar activation barriers, ΔG ⧧ ca. 60 kJ mol −1 . The measured activation barriers for the pseudorotation are well reproduced computationally at the ωB97X-D3 level of theory (Table 2 ). For both pincer ligands, this rotation was found to proceed via distinctly C 2 symmetric trigonal bipyramidal transition states and relatively flat potential energy surfaces (absolute vibrational modes all <40 cm −1
). Adoption of the associated twisted pincer ligand geometries is necessary to minimize steric buttressing between tert-butyl substituents and the biph ligand, but these interactions are still significantly destabilizing. Supporting this assertion, the corresponding barriers for computational models featuring methyl instead of tert-butyl substituents are significantly lower (Table 2) . Moreover, from the reported 1 H NMR data at ambient temperature (400 MHz), the barrier associated with pseudorotation in D (C 2v ) is considerably less than for less sterically congested C (C s ). 1 J RhP = 114 Hz). In the context of the pincer ligand conformations adopted in 1, these data do not enable us to definitely discriminate between time-averaged or static C s symmetric pincer binding, although on the basis of the dynamics observed in the solid state, the former is inferred. Cooling to low temperature does, however, impart the presence of restricted rotation in one of the two sets of tertbutyl groups (1a, ΔG ⧧ = 37 ± 3 kJ mol −1 ; 1b, ΔG ⧧ = 38 ± 4 kJ mol −1 ). This hindered rotation could potentially be the manifestation of agostic bonding; however, none of the three decoalesced signals are shifted to appreciably low frequency and we correspondingly assign these tert-butyl groups to those proximal to the biph moiety. This assertion is supported by the observation of similar behavior in the carbonyl derivative 4 (vide infra).
The reactions of 1 and 2 with CO (1 atm) were studied in CD 2 Cl 2 . Although sluggish, addition of CO occurs to the iridium pincers at ambient temperature, conferring carbonyl derivatives 3 (t = 6 h) and 4 (t = 2 days) in quantitative ), with the relative energetics of the iridium complexes confirmed by crossover experiments involving heating mixtures of 3/2b (no reaction observed after 55 days at 50°C) and 4/1b (affords 3/2b in 99% conversion after 55 days at 50°C).
The solid-state structure of 4 is notable for a significantly contorted metal coordination geometry compared to 3, as gauged by significant deviation of the N20−Ir1−C15 angle from linearity (163.83(9)°cf. 173.9(2)°) and acute N20−Ir1− C4 angle (83.69 (9) ), but the variance is considerably less than that for the corresponding Ir(I) carbonyl pincers measured under the same conditions (Table 3) . Combined, these data highlight the pivotal role of steric buttressing in the differences in thermodynamics and kinetics of carbonyl addition to PNP-ligated 1b compared to PONOPligated 2b.
In the context of dynamics of the PNP pincer ligand, line broadening of the resonances associated with the phosphine donor groups that signals the onset of decoalescence from overall C s to C 1 symmetry (i.e., helical pincer binding) is apparent for 3 on cooling to low temperature (298 to 185 K) by 1 H and 31 P NMR spectroscopy in CD 2 Cl 2 solution (500 MHz). This behavior indicates considerably less favorable pincer ligand dynamics in coordinatively saturated 3 in comparison to its unsaturated parent complex 1b. Consistent with this suggestion, the X-ray derived structure of 3 is notable for well-ordered helical coordination of the PNP ligand (within the error of the experiment) at 150 K (cf. 1b, vide supra). ) and, in the case of the flexible PNP complexes, interconversion between helical and puckered pincer ligand conformations (ΔG ⧧ ca. 10 kJ mol −1 ). Interrogation in silico suggests the former process involves overall C 2 symmetric transition states, with twisted PNP and PONOP pincer ligand binding geometries, that are significantly destabilized by steric buttressing between the tert-butyl phosphine substituents and the biph ligand. Remarkably, the latter process is sufficiently facile that it persists in the solid state, leading to temperaturedependent disorder in the associated X-ray crystal structures. Reaction of 1 and 2 with CO occurs for the iridium congeners 1b and 2b, leading to the formation of sterically congested carbonyl derivatives.
■ EXPERIMENTAL SECTION
General Methods. All manipulations were performed under an atmosphere of argon using Schlenk and glovebox techniques unless otherwise stated. Glassware was oven-dried at 150°C overnight and flame-dried under a vacuum prior to use. Molecular sieves were activated by heating at 300°C in vacuo overnight. CD 2 Cl 2 was freeze−pump−thaw degassed and dried over 3 Å molecular sieves. Other anhydrous solvents were purchased from Acros Organics or Sigma-Aldrich, freeze−pump−thaw degassed, and stored over 3 Å molecular sieves. PNP, 21 4 ] (66.6 mg, 75.2 μmol) in CH 2 Cl 2 (2 mL) was stirred at ambient temperature for 16 h, filtered, and the filtrate reduced to dryness in vacuo. The resulting red solid was washed with pentane and dried to give a microcrystalline red solid. Yield: 48.1 mg (79%). Single crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane into a CH 2 Cl 2 solution at ambient temperature.
1 H NMR (500 MHz, CD 2 Cl 2 ): δ 8.14 (t, 3 J HH = 8.2, 1H, py), 7.70−7.76 (m, 8H, Ar F ), 7.65 (br, 2H, 2 × biph), 7.56 (br, 4H, Ar F ), 7.42 (br, 1H, biph), 7.28 (d, 3 J HH = 8.2, 2H, py), 7.10 (br, 2H, 2 × biph), 6.97 (br, 1H, biph), 6.33 (br, 1H, biph), 5.55 (br, 1H, biph), 1.28 (br, 18H, tBu), 0.76 (br, 18H, tBu).
13 C{ 1 H} NMR (126 MHz, CD 2 Cl 2 , selected data only): δ 162.9 (br, py), 146.5 (s, py), 105.6 (vt, J PC = 2, py), 28.8 (br, tBu{CH 3 }), 27.6 (br, tBu{CH 3 }).
31 ): C, 48.58; H, 3.70; N, 0.87; Found: C, 48.36; H, 3.48 ; N, 0.88.
NMR Scale Reactions of 1 and 2 with CO. A 20 mM solution of 1/2 in CD 2 Cl 2 (0.5 mL) prepared in a J. Young's valve NMR tube was freeze−pump−thaw degassed, placed under an atmosphere of carbon monoxide (1 atm), gently shaken at ambient temperature, and monitored periodically using 1 H and 31 P NMR spectroscopy. Quantitative conversion of 1b to 3 (t = 6 h) and 2b to 4 (t = 2 days) resulted. No reaction was observed in the case of 1a and 2a after 24 h (even after heating at 50°C for an additional 24 h).
Preparation of [Ir(PNP)(biph)(CO)][BAr 3.89; N, 0.86; Found: C, 50.14; H, 3.74; N, 0.80 H, 3.64; N, 0.86; Found: C, 48.42; H, 3.60; N, 0.89 Crystallography. Data were collected on a Rigaku Oxford Diffraction SuperNova AtlasS2 CCD diffractometer using graphite monochromated Mo Kα or Cu Kα radiation and an Oxford Cryosystems N-HeliX cryostat. Data were collected and reduced using CrysAlisPro. 24 The structures were solved using SHELXT and refined using SHELXL, through the Olex2 interface. 25, 26 All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions and refined using the riding model.
Variable-temperature data for 1a and 1b were collected for unique crystals at 75, 100, 150, 200, and 250 K but in a nonsequential order. Samples were conditioned for at least 30 min, with longer times for the lowest temperature measurements (1 h 45 min at 75 K). No significant disorder was apparent from the refined data collected at 75 K, with no Fourier peaks around the pincer methylene bridges >0.7 eÅ −3 . Disorder of the pincer ligand at the other temperatures, evident from inspection of the thermal parameters and presence of Fourier peaks around the pincer methylene bridges ≥1.0 eÅ −3 , was systematically treated by modeling part of the ligand over two sites and restraining its geometry (Figure 2 ). Rigid body constraints were applied for the pyridine moiety. In this way, the R 1 indices were significantly lowered (Supporting Information, Table S1 ) and sensible thermal parameters obtained in all cases.
Full details for all structures reported are documented in the CIF, which have been deposited with the Cambridge Crystallographic Data Centre under CCDC 1901989−1902010. Computational. Starting from geometries of the cations observed in the solid state, optimizations were carried out using Grimme's dispersion corrected ωB97X-D3 functional 19 as implemented in ORCA 4.0.1.2, with the def2-TZVPP basis set, and associated def2-ECP on Rh/Ir, and the def2-TZVP(-f) basis set on all other atoms.
27
Minima and saddle points were verified by analytical vibrational mode analysis at the same level of theory, which also provided thermochemical corrections. A scalar relativistic all-electron single point energy calculation was subsequently carried out using the ωB97X-D3 functional within the ZORA approximation and using the corresponding basis sets (Rh, old-ZORA-TZVPP; Ir, SARC-ZORA-TZVPP; all other atoms, ZORA-def2-TZVP(-f)).
28 NBO analyses were carried out using NBO 6.0. 
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